Latent heat effects associated with adsorbed water or waters of hydration were observed. The information made it clear that measurements of thermal conductivity of wet CST (i.e., immersed and then drained of the bulk liquid) would be compromised. objective is to measure the effective thermal conductivity of IE-911¥.
Rationale for Selecting Measurement Conditions
In one of several viable alternatives, the equipment implemented to remove 137 Cs from tank waste supernatant is a simple vertical tube filled with granular CST -that is, an ion-exchange column. During normal operation of the column, liquid supernatant flows downward through the porous bed of CST granules. In this mode of operation, heat generated by radioactive decay of sorbed 137 Cs is transferred from the solid particles to the liquid phase. The particle size of the CST is very small (average particle diameter of =400 2m). Should the thermal conductivity of the individual solid particle be poor, a large temperature difference between the surface and center of the particle is unlikely to arise, because of the small distance involved. It may be surmised that convective heat transfer dominates the temperature variations within the column under normal circumstances.
Radiolysis of water in the column will produce free hydrogen and oxygen gas.
Production of bubbles within the bed displaces the liquid, leaving a zone of wetted particles with most of the interstitial voids filled with hydrogen and oxygen gas. Prior tests (Welch et al., 2000) have shown that small bubbles move through the column.
Because these bubble are rapidly replaced with liquid, they probably have little effect on the temperature gradients. The column retains a steady-state void fraction of =7%, and some larger bubbles were observed to adhere to the wall of the column. Retained and immobile bubbles represent locations in the column where cooling by the flowing supernatant is interrupted. Heat transfer in these zones is limited by thermal conductivity.
If the liquid flow is halted, then the mode of heat transfer changes character. The bed of granulated material tends to stabilize the liquid with respect to natural convection;
as a result, the liquid remains quiescent. The contents of the column must be cooled from the outer surfaces or with heat-exchange tubes imbedded in the bed of particles. Heat transfer is limited by the thermal conductivity of the heterogeneous solid-liquid medium (solid particles with the interstitial voids filled with liquid). If a localized hot spot develops so that the temperature approaches the boiling point of the liquid (probable range of 100 to =120GC), then the expanding water vapor can displace the fluid, leaving a wetted zone of particles (solid particles wetted with the liquid but with most of the interstitial voids filled with water vapor). This is similar to voids caused by noncondensable radiolysis products. Prolonged heating will cause the water to fully evaporate from the particles, leaving precipitated salts on the particles with the interstitial voids filled with water vapor.
Three general physical conditions in which thermal conductivity controls the removal of heat from the ion-exchange column appear to exist. Within these general conditions, subsets of specific chemical makeup can be identified.
Dry Solid Particles
A dry solids bed may result when the water in a wetted bed completely evaporates (not counting waters of hydration). A drained bed of solids retains only a fraction of the liquid associated with an immersed bed. When the water is removed, the crystallized salts remaining are a small fraction of the mass of the CST granules. The crystallized solids coat the granule with little effect, but solids that crystallize within the pores of individual CST grains might cause more substantial effects on the thermal conductivity of an individual grain.
Immersed Solid Particles
In this condition, the solids bed is submerged in the liquid. For practical purposes, all the fluid within the interstitial bed of solid particles may be considered the liquid phase. The thermal conductivity of the supernatant simulant has been measured at 19°C in previous studies (Bostick and Steele, 1999) . Data are not available on the thermal conductivity of the solid particles.
Wetted Solid Particles
A wetted solids bed is formed when the liquid is displaced by a gas. The liquid may be displaced by radiolytically produced noncondensable gas or by thermally produced water vapor (steam). Most of the interstitial void space of the solids bed is filled with the gas, and the particles themselves are coated with a thin film of liquid. This condition may be simulated by draining the liquid from an immersed solids bed, for example, by gravity filtration of the solids on a frit. Two subsets of this condition are evident: one in which the gas is a mixture of hydrogen and oxygen and another in which the gas is water vapor. The thermal conductivities of these gases are available from the literature.
Objectives
No data are available on the thermal conductivity of IE-911¥. The thermal conductivity of the supernatant simulant has been measured and reported (Bostick and Steele, 1999) . It is anticipated that the effective thermal conductivity of the granular CST will be strongly dependent on the properties of the fluid that fills the interstitial voids.
The objectives are to measure the effective thermal conductivity in up to three conditions: (1) granular CST that has been treated for use in the ion-exchange column and then dried;
(2) the same material used in item 1 but immersed in supernatant simulant; and, optionally, (3) the same material used in item 2 with the liquid supernatant gravity filtered from the solid.
In the first test, the interstitial voids of the dry granular CST will be filled with air.
The thermal properties of air are known, so simple models may be developed to separate the thermal conductivity of the solid from the measured value of the mixture. In operating columns, gases likely to fill the interstitial voids of dry CST are water vapor, hydrogen, oxygen, and mixtures of these three gases. The properties of these gases are also known, and the thermal conductivity varies within a small range. Based on measurements made in air, computation of the effective thermal conductivity for systems with different interstitial gases should yield acceptable results.
In the second test, the effective thermal conductivity of IE-911¥ immersed in simulant will be measured experimentally. The value will be estimated theoretically from the measurements made in the first test and the previously reported thermal conductivity of supernatant simulant. The experimental and calculated values will be compared.
The third test is optional, and the decision to proceed with it will depend on the outcome of the first two tests. In that test, a similar measurement of the effective thermal conductivity of IE-911¥, wetted with simulant and gravity drained of bulk liquid, will be performed. The interstitial gas will be air. Thermal conductivities of drained solids with interstitial gases other than air may be computed from the properties of those other gases.
LITERATURE REVIEW AND ANALYSIS

Methods to Calculate Thermal Conductivity of Porous Media
A general method of calculating the effective thermal conductivity of porous or granulated media is given by Perry and Chilton (1973) . The method makes use of the Russell equation (Russell, 1935) , which calculates the thermal conductivity of a twophase mixture from the thermal conductivity of the individual components. The formula
where k = thermal conductivity, "comp" denotes values for the composite mixture, "cont" denotes values for the continuous phase, p = the porosity (volume fraction of voids or obstacles), 3 = ratio of the thermal conductivity of the porosities (voids or obstacles) to that of the continuous phase.
Predictions of the thermal conductivity of composite mixtures are generally within 15%. Laubitz (1959) suggests that the right-hand side of Eq. (2.1) be multiplied by 2 for application to powdered solids in air. This modification was based on data obtained over a wide range of temperatures, including those at which radiation heat transfer had to be considered. The complete equation Laubitz utilized included a term to account for radiative heat transfer, and the predictions fit the data only when Russell's conductivity term was multiplied by 2. Note, however, if the right-hand side of Eq. (2.1) is multiplied by 2, the limiting case for a fluid with a zero granular fraction is too large by a factor of 2.
The ratio, 3, is given by
where k por may be identified with k solid and k cont identified with k fluid . The equation for porosity is given as where the "true" density is identified with the density of the crystalline solid. This is an approximation and is accurate only when the density of the interstitial fluid (typically air)
is small compared with the density of the crystalline solid. In a solid-phase continuous system, p is identified with 0, that is p = 0. In systems where the fluid phase is continuous, Laubitz specifically states that p is the fractional volume of the obstacles (the solids) and must be identified as follows:
Equations (2.1), (2.2), and (2.5) thus provide the correct approximation for the thermal conductivity of the fluid-solid composite.
Another method for calculating the effective thermal conductivity of porous media is given by Krupiczka (1967) : The term, 0, is the void volume fraction as before. The equation is not restricted to solid gas systems, and k gas may be replaced with k fluid .
Available Data and Physical Properties
IONSIV ] ] IE-911_ _
IONSIV ] IE-911 is an inorganic ion-exchange medium used for sorption of cesium from aqueous media. The active ingredient is CST. The commercial product contains other metal oxides and proprietary materials that are used to form microchannels in the solid-phase structure and to bind the CST particles into spherical granules. No information on the thermal conductivity of CST or IE-911_ was found in the literature.
Fennelly (2000) provided a reference value of 0.05 W/(m b K), or 0.08 Btu b h 1 b ft 1 b ºF 1 , for zeolite, which is a mechanically similar material, and indicated that the thermal conductivity of IE-911™ should be higher. Information on the pure form of some of the components is available and is summarized in Table 2 .2. As indicated in the table, thermal conductivity for SiO 2 is dependent on the crystal axis through which heat flows, basically the orientation of the crystal with respect to the temperature gradient. CST is probably polycrystalline in nature; therefore, large particles would exhibit no variation in thermal conductivity with respect to orientation. Because thermal conductivity of solids is dependent on structure, values of thermal conductivity computed from a weighted average of the values for the pure constituents will not provide reliable results. It is interesting to note that the thermal conductivities of crystalline SiO 2 and TiO 2 are roughly 6.0 W/(m b K), while those for aluminia and magnesia are roughly 30.0 W/(m b K). Therefore, the average thermal conductivity of the minor components is about 5 times greater than that of the major component (assumed to be CST). Miller and Brown (1997) to be ~2.9 g/cm 3 , with a bulk density of 0.85 g/cm 3 .
These latter data indicate a total void fraction of 0.71 for the powder but do not give information pertaining to the bulk properties of IE-911_, an engineered form of CST.
Air and Water Vapor
Air is the gas of primary concern in the measurement of the thermal conductivity of dry CST. The thermal conductivity of dry air is available in standard references and is given in Table 2 .3. Because ambient air contains a small fraction of water vapor, the thermal conductivity of water vapor is also listed in the table. The thermal conductivity of water vapor is about 60% that of dry air. At room temperature (~25°C) and a relative humidity of 60%, the volume fraction of water vapor in air is 0.019; therefore, the thermal conductivity is not significantly different from that of dry air. 
(2.10) The data of interest in Table 2 .4 lie between 3°C and 97°C; these were fit to Eq. (2.10) with the following result: Values for i are given in Table 2 .5 for each component of the simulant along with the concentration appropriate for the average simulant. (2.12)
The method is reported to estimate thermal conductivity of ionic solutions within an error of ~7%, provided that the solution is not too strong an acid or a base (concentration range not specified). Table 2 .6 for temperatures ranging from 0 to 100 in 10°C increments. The thermal conductivity of water is included for comparison. Bostick and Steele (1999) . This value is ~14% higher than the predicted value and exceeds the variation expected of the model. It is likely that the base concentration in the simulant is outside the upper limit for the model. Convective heating caused by the sensor during measurement may have also contributed to the error.
Initial Estimates
The volume fraction of void spaces in the granulated solids will be, under normal circumstances, filled with a fluid. Typical fluids include salt waste solution, water, and air. The thermal conductivity of these fluids is given in Table 2 .7. (2.14)
This would indicate that the thermal conductivity of the solid-fluid composite is depressed relative to that of an individual solid particle. The thermal conductivity of the solid-fluid composite is predicted by straightforward application of Eq. (2.1) or Eq. (2.6).
To explore the effect of uncertainty associated with the estimated thermal conductivity of the solid, values 20% higher and 20% lower than the estimated value of 10.0 W/(m K) were selected. The results are given in Tables 2.8 and 2.9. 
EXPERIMENTAL APPARATUS AND REAGENTS
Equipment
Thermal conductivity of air-dried CST and a mixture of CST with supernatant waste simulant was measured using the transient plane source method. The instrument used was a hot disk thermal constants analyzer, the same equipment that was previously used to measure the thermal conductivity of waste simulant (Bostick and Steele, 1999) .
A Kapton polyamide sensor, shown in Fig. 3.1 , was placed in the sample. Sample sizes Fig. 3.1 . Sensor used for measurement of thermal conductivity.
ranged from 200 to 300 mL. The sample (with the sensor) was placed in a temperaturecontrolled oven, as shown in Fig. 3.2 . The sample was heated to the temperature at which the thermal conductivity was to be measured. The analyzer provides a step increase in current to the heating elements within the sensor (duration of ~80 s) and
calculates the thermal conductivity from the resulting temperature-vs-time data. Up to five measurements were made, with relaxation times between measurements of ~30 min. 
Materials
Supernatant Simulant
Supernatant simulant was prepared using a recipe supplied by SRS (Walker, 1999) and is similar to solutions used in previous tests at Oak Ridge National Laboratory (ORNL). The concentrations of salts in the average simulant are shown in Table 3 .1.
Deionized water was used to prepare the solution. Chemicals used in the preparation of the supernatant were of reagent grade, purchased from commercial sources. 
Granulated CST
The CST used for these tests was the commercial, granular form of the sorbent, IONSIV ] IE-911¥ (UOP Molecular Sieves, Mt. Laurel, New Jersey). All tests were made with material from lot no. 999098810005. The as-received CST was pretreated using the steps recommended by the manufacturer and agreed upon by ORNL and SRS.
This includes treatment with dilute sodium hydroxide to adjust the pH to ~13, backwashing with water to remove fines, draining the water from the solids, treatment with 1.9 M sodium hydroxide solution, and then draining the solids and air drying for 3 days.
RESULTS AND DISCUSSION
Density and Void Fraction of IE-911™
Simple experiments were performed to obtain the void fraction of IE-911™. The CST was slow poured into a 25-mL graduated cylinder to the full mark. Weighing the cylinder before and after filling with CST provided the mass of a 25-mL volume of the granulated material. The density of air-dried material was calculated from those data.
Ethyl alcohol was added to displace the air. Alcohol was used because of its propensity to rapidly penetrate porous media. Direct addition of alcohol was problematic because air could become trapped in the interstitial voids. A more effective procedure was to remove the CST to a secondary container, place alcohol in the graduated cylinder, and then pour the CST slowly back into the cylinder as additional alcohol was incrementally added. As the CST fell through the alcohol, very fine bubbles were observed to rise from the submerged bed. These bubbles could have originated from air released from inside individual particles as the alcohol penetrated the material. The CST would not settle to the 25-mL mark unless the container was tapped, and settling still remained difficult.
CST is known to swell in aqueous simulant solution (Bostick and Steele, 1999) . Thus, swelling of the CST may have occurred, or simple reproduction of the packing may have been the problem. Weight measurements of the alcohol, along with its density, provided the void volume. Possible changes in the volume of the alcohol caused by dissolution of salts associated with the CST (e.g., sodium hydroxide) were ignored.
The results are summarized in Table 4 .1 In spite of the difficulties described above, the data are believed to be reliable. The bulk density of air-dried IE-911™ was 1.168 g/mL (±0.037 g/mL). Because additional water can be driven from the CST by heating, this value of density is slightly higher than that of bone-dry material. The void fraction was estimated at 0.432 (±0.012), which is greater than the value of 0.35 discussed in Sect. 2.2.1 and has a substantial impact on estimations of the thermal conductivity of a composite mixture. The indicated density of the solid material, correcting for the void fraction, is 2.06 g/cm 3 , which is close to that of amorphous silicon dioxide. 0.037 0.012 a Measurements made in a 25-mL graduated cylinder. b Measured density of ethanol was 0.788 g/mL, which compares closely with the value of 0.787 g/mL at 23°C listed in Weast, 1989 .
Thermal Conductivity of Dry CST
Initial Tests
The thermal conductivity of air-dried IE-911™ was measured using the equipment described in Sect. 3. The CST was slow poured (i.e., without agitation or vibration) around the sensor while it was suspended in the test beaker. Up to five measurement trials were made at each test temperature to obtain thermal conductivity.
The results are shown in Table 4 .2. Data in the table are shown in the order collected. In addition, the data are grouped to facilitate discussion.
In the first test sequence (labeled "test on fresh sample A" in Table 4 .2), the measured thermal conductivity initially increased with rising temperature, reached a maximum, and then decreased with increasing temperature. Measurements made as the sample was cooled from the highest temperature (120°C) did not return along the same conductivity-temperature curve. The results of the test sequence are shown in Fig. 4.1 .
Hysteresis in the measured thermal conductivity was thought to be caused by absorbed water or waters of hydration. The vapor pressure of water for this system is strongly dependent on temperature. Latent heat effects would inflate measured values of thermal conductivity. For example, vaporization of water near the probe, coupled with diffusive transport of water vapor to a cooler region of the test matrix where the water vapor could condense, represents a heat transfer process operating coincidentally with conduction. Table 4 .2). The thermal conductivity of this sample was high, as would be expected from the increasing-temperature curve of Fig. 4.1 . The original sample was retested after standing at room conditions for 3 days (labeled "retest on sample A after standing at room conditions for 3 days" in Table 4 .2). The data show that the thermal conductivity increased but not to the initial values. Although the former level of moisture was probably not restored in that short period of time, the increase in thermal conductivity was indicative that moisture content affected the apparent thermal conductivity.
The nearly linear thermal conductivity-temperature curve obtained on CST that had been heated above 100°C was thought to indicate that the powder was dry and free of water-related latent heat effects. However, it seemed clear that planned tests on wetted material (i.e., CST soaked in simulant and then simply drained of the bulk liquid) would be marred by latent heat effects. 
Desiccation of CST IE-911™
Concerns that high-temperature drying would alter the physical structure, and subsequently thermal conductivity, led to consideration of vacuum drying or desiccation.
Desiccation was selected because materials and equipment were readily available. Two samples were placed in a Labconco vacuum oven (without heating) in the presence of a large excess of ascarite. The samples were periodically weighed, with results as shown in 
Thermal Conductivity of Dried IE-911™
The thermal conductivity of desiccated IE-911™ was measured using the steps previously described. Data were obtained up to temperatures of ~130°C. Above this temperature, the polymer-type sensor was damaged. Thus, the upper limit to reliable measurements was established.
The data are shown in Table 4 .4. Hysteresis between the measurements made in order of ascending temperature, compared with those in order of descending temperature, was not as evident as before. Thermal conductivity of CST obtained on samples that had been heated to >100°C and/or desiccated were presumed reliable (i.e., free of latent heat effects). Such data are summarized and annotated in Table 4 .5. These data are plotted as a scattergram in Fig. 4.2. A small difference appears to exist between CST that was only desiccated and that which was, by the nature of the experiment, dried at temperatures above 100°C. The data were correlated to a straight line by regression analysis. The correlation coefficient was 0.67 when the data set included the two points from measurements on desiccated-only CST but became 0.76 if these two points were omitted. 
Thermal Conductivity of Solid Particles
The effective thermal conductivity of the CST-air mixture is the property that was measured. Methods developed by Russell (1935) and Krupiczka (1967) are typically used to estimate thermal conductivities of mixtures (see Sect. 2.1). Conceptually, the methods may be used to deconvolute the solid-phase conductivity from measurements of the mixture when the thermal conductivity of the fluid is known independently.
Knowledge of the void fraction of the solids is also required. The thermal conductivity of the solid-phase CST was estimated from the data given in x 10 3 T, T in °C, r 2 = 0.75. c Data correlate with k solids = 0.13968 + 6.2800 x 10 4 T, T in °C, r 2 = 0.93.
In both models, the calculated thermal conductivity of the solid phase was lower than expected based on the conductivity of the CST components (Table 2 .2). The shape of the Russell function was plotted as in Fig. 4.4 in an effort to explain this finding.
Above values of about 1 to 2 W/(m b K), increasing the value of the thermal conductivity of the solid phase has little effect on the thermal conductivity of the composite mixture.
This feature offers advantages in estimating the thermal conductivity of mixtures from properties of the constituents. However, for a reciprocal calculation, it means that small errors in the measured value of a mixture could lead to large errors in extracted values for one of the constituents. Another interesting property of the function is that at high thermal conductivities of the solid phase, the thermal conductivity of a mixture depends strongly on the void fraction. However, at low conductivity of the solid (values approaching that of the fluid phase), the void fraction has little effect.
Fig. 4.4. Calculated thermal conductivity of a CST-air mixture at 25°C; dependence on void fraction and conductivity of the solid phase.
In spite of these difficulties, the calculated thermal conductivity of the solid phase obtained by deconvolution of the experimental data exhibited order (i.e., results were not random). The data were correlated by linear functions of temperature and are given in the footnotes to Table 4.6. Fig. 4 .5 illustrates the thermal conductivities isolated by both Table 4 .7. 
Comparison of Data with Calculation
The thermal conductivity of the solid-phase IE-911™ material was previously determined [see Eq. (4.2)], and that of the simulant may also be calculated (see methods in Sect. 2.2.3). The void fraction of the solids was assumed to be the same for CST-air and CST-simulant mixtures, that is, 0.432. With this information, Eq. (2.1) can be used to predict the thermal conductivity of the CST-simulant mixture. The data from Table 4 .7 are compared with the calculated results in Fig. 4 .6. The data points are slightly higher than predicted. The predicted values could be low because the theoretical thermal conductivity of the simulant is low. 
Deconvolution of Thermal Conductivity of Simulant from Experimental Data
The thermal conductivity of the simulant can be extracted from the measured thermal conductivity of the solids-simulant mixture. Physically, the presence of the solid particles tends to attenuate natural convection in the fluid and, in concept, provides the potential to yield a value of the thermal conductivity of the fluid that is not affected by 0.68 W/(m b K) measured by Bostick and Steele (1999) . In addition, the decrease in thermal conductivity with increasing temperature is opposite to expectations. Based on these findings, the values shown in Table 4 .8 do not contribute additional reliable data on the thermal conductivity of the simulant. Latent heat effects associated with adsorbed water or waters of hydration were observed. The information made it clear that measurements of thermal conductivity of wet CST (i.e., immersed and then drained of the bulk liquid) would be compromised.
Recommendations
It is recommended that the thermal conductivity of the simulant solutions be measured over a range of temperatures. Additional data are also needed on the thermal conductivity of CST-simulant mixtures under similar conditions.
